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a  b  s  t  r  a  c  t
Four  ruminally  lactating  Holstein  cows  averaging  602  kg  of body  weight  and  64  days  in
milk were  randomly  assigned  to  a 4 ×  4  Latin  square  design  to  determine  the  effects  of
feeding  whole  ﬂaxseed  and  calcium  salts  of  ﬂaxseed  oil on  intake  and  total  tract  apparent
digestibility  (TTAD)  of  fatty  acids  (FA)  and  apparent  transfer  of  linolenic  acid  in  milk  fat.  The
treatments  were  for ad  libitum  intake:  a control  diet  with  no ﬂaxseed  products  (CON)  or a
diet  of 42  g/kg  dry  matter  (DM)  whole  ﬂaxseed  (FLA),  19  g/kg  DM calcium  salts  of ﬂaxseed
oil (SAL)  or  23  g/kg  DM  whole  ﬂaxseed  and  8 g/kg  DM  calcium  salts  of  ﬂaxseed  oil  (MIX).
Experimental  periods  consisted  of 21  d of diet  adaptation  and  7  d of  data  collection  and
sampling.  Intake  of  -linolenic  acid  (cis9,12,15-18:3)  was  similar  for cows  fed  FLA,  SAL, and
MIX and higher  than  for those  fed  CON.  Output  of  linolenic  acid  in  faeces  was  higher  for
cows fed  FLA,  followed  by those  fed  MIX,  CON,  and  SAL.  Output  of  -linolenic  acid in  milk
tended  (P=0.07)  to  be lower  for cows  fed  CON  than  for those  fed  the other diets  and  there
was  no  difference  between  cows  fed FLA,  SAL,  and  MIX.  Although  intake  of -linolenic  acid
was lower  for  cows  fed CON  than  for those fed  the other  diets,  transfer  efﬁciency  (g  per
100  g of -linolenic  acid consumed)  was  higher  for cows  fed the  former  diet.  Feeding  FLA,
SAL,  and  MIX  resulted  in  similar  apparent  transfer  of  -linolenic  acid  in  milk.  Cows  fed
FLA had  the  lowest  TTAD  of  linolenic  acid.  The  high  digestibility  of  Ca-salts  of  ﬂaxseed  oil
accounts  for the interest  in using  it in  practical  applications  for feeding  cows.  However,  as
previous  results  have  shown  that  the  use  of Ca-salts  of ﬂaxseed  oil  did  not  allow  a  large
modiﬁcation  in milk  fat composition,  the  cheapest  ﬂaxseed  product  will  be  recommended
to  incorporate  in the  dairy  cow  diet.
© 2011 Elsevier B.V. 
Abbreviations: CON, control diet with no ﬂaxseed products; DM,  dry matter; FA, fatty acids; FLA, diet with 42 g/kg DM whole ﬂaxseed; MIX, diet with
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1. Introduction
Minimizing ruminal biohydrogenation of polyunsaturated fatty acids (PUFA) is the major challenge in formulating dietary
supplements that will enhance the postruminal supply of PUFA. One method of protection has been through the use of calcium
salts (Ca-salts) of FA that were developed to reduce the negative effects of fat on ruminal fermentation (Ferlay et al., 1992). Wu
et al. (1991) calculated that ruminal biohydrogenation of 18-carbon unsaturated FA averaged 0.87 for an unprotected animal-
vegetable blend fat supplement and 0.57 for Ca-salts of FA. However, the extent of ruminal biohydrogenation increased
as the number of double bonds increased and the difference between unprotected and Ca-protected unsaturated FA was
reduced; for example, biohydrogenation of 18:3 averaged 0.84 for the unprotected supplement and 0.80 for the Ca-protected
supplement (Wu et al., 1991). As ﬂaxseed is rich in -linolenic acid, Ca-salts of ﬂaxseed oil would be an option to increase
n-3 FA concentration in milk fat. Indeed, feeding four doses (0, 18.4, 35.4 or 54.0 g/kg dry matter; DM)  of Ca-salts of ﬂaxseed
oil in the DM to dairy cows has been reported to increase proportions of n-3 FA from 12.0 to 22.5 g/kg of FA (Brzóska, 2006).
Moreover, our previous results (Côrtes et al., 2010) have shown that concentration of -linolenic acid was  higher in milk fat
of cows fed Ca-salts of ﬂaxseed oil or a mixture of Ca-salts of ﬂaxseed oil and whole ﬂaxseed than in milk of cows fed a control
diet with no ﬂaxseed product (75% and 61%, respectively). However, there is no information on digestive utilization of FA and
transfer efﬁciency of -linolenic acid from the diet into milk. Therefore, the objective of the experiment was  to compare diets
providing similar -linolenic acid amounts supplied by a natural feed ingredient (whole ﬂaxseed), a protected oil (Ca-salts
of ﬂaxseed oil) or a combination of both on intake and total tract apparent digestibility (TTAD) of FA, and apparent transfer
of -linolenic acid in milk fat.
2. Materials and methods
2.1. Cows, experimental design, and diets
The present study is part of a larger project concerning milk production, FA proﬁle of ruminal ﬂuid and milk fat, ruminal
fermentation characteristics, and TTAD of nutrients reported elsewhere (Côrtes et al., 2010). Four lactating primiparous
Holstein cows ﬁtted with ruminal cannulas (10 cm,  Bar Diamond Inc., Parma, ID, USA) were used in a 4 × 4 Latin square design
with four 28-d periods. Ingredients and chemical composition of the diets and feeding management were as described by
Côrtes et al. (2010).  Cows were fed a total mixed diet with no ﬂaxseed products (control, CON), or diets of 42 g/kg DM whole
unprocessed ﬂaxseed (FLA) (AOAC, 1990), 19 g/kg DM Ca-salts of ﬂaxseed oil (SAL) or 23 g/kg DM whole unprocessed ﬂaxseed
and 8 g/kg DM Ca-salts of ﬂaxseed oil (MIX). The Ca-salts supplement was  supplied by Virtus Nutrition Inc. (Corcoran, CA,
USA) and the amount added to the SAL diet was based on recommendation made by the manufacturer (Virtus Nutrition Inc.).
The four isonitrogenous and isoenergetic total mixed diets were based mainly on grass silage (277, 277, 308 and 287 g/kg
of DM for CON, FLA, SAL and MIX, respectively), corn silage (278, 277, 208 and 287 g/kg of DM for CON, FLA, SAL and MIX,
respectively), cracked corn grain (216, 197, 144 and 180 g/kg of DM for CON, FLA, SAL and MIX, respectively), ground barley
(73, 72, 73 and 73 g/kg of DM for CON, FLA, SAL and MIX, respectively), and soybean meal (75, 59, 75 and 71 g/kg of DM
for CON, FLA, SAL and MIX, respectively). The cows were kept in individual stalls and had free access to water. The cows
averaged 64 ± 6 days in milk at the start of the experiment with an average body weight of 602 ± 25 kg. Diets were offered in
equal amounts twice daily at 08:30 and 15:30 h for ad libitum rates to allow 100 g/kg refusals and cows were milked twice
daily at 08:00 and 19:00 h. National guidelines for the care and use of animals were followed as recommended by the CCAC
(1993) (Canadian Council on Animal Care).
2.2. Experimental procedures
Each experimental period consisted of 21 d of adaptation to the diets and 6 d of data collection and sampling. Feed intake
and milk yield were measured daily and data on milk yield has been published previously (Côrtes et al., 2010). On d 20,
cows were ﬁtted with harnesses and tubes allowing total collection of faeces and urine separately. From d 21 to 27, faeces
were collected from a rubber mat  placed behind the animals and stored in plastic containers. Daily faeces were weighed and
mixed thoroughly and a subsample (2 g/100 g) was  taken and stored at −20 ◦C for subsequent freeze drying. Samples of the
four diets were taken daily from d 21 to 28 and pooled within period for each cow. All samples were frozen at −20 ◦C for
subsequent drying at 55 ◦C.
2.3. Chemical analysis
Dry matter of the diets and faeces were determined in a forced-air oven according to the procedure 934.01 (AOAC, 1990).
Total mixed dried diets and freeze-dried faeces were ground to pass a 1-mm screen in a Wiley mill before analyses of FA.
Extraction of fat in diets, milk, and faeces, FA methylation and identiﬁcation of individual FA in milk, diets and faeces was
done using methods described by Côrtes et al. (2010).
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2.4. Statistical analysis
Data on faecal output and feed intake were averaged over the 6 days of the digestibility week and subjected to analysis
of variance. All data were analysed as a 4 × 4 Latin square design balanced for residual effect using the GLM procedure of
SAS (2000) with the following model:
Yijkl =  + Cj + Pk + Tl + ejkl
where Yijkl is the dependent variable,  is the overall mean, Cj is the random effect of cow (j = 1–4), Pk is the ﬁxed effect of
period (k = 1–4), Tl is the ﬁxed effect of treatment (l = CON, FLA, SAL, MIX), and eijkl is the random residual error. Signiﬁcance
was declared at P≤0.05 and a trend at 0.05<P≤0.10, unless otherwise stated. When a signiﬁcant F-test was detected, multiples
comparisons were done using a Tukey’s adjustment for the probability.
3. Results and discussion
Results of the DM intake, milk yield and milk yield of components have already been published (see, Côrtes et al., 2010).
Brieﬂy, there was no difference among treatments for DM intake (21.9 kg/d), TTAD, milk production (32.3 kg/d), and milk
concentrations of protein, lactose, urea N, and total solids but milk fat concentration was  lower for cows fed SAL compared
to those fed CON (18.3 versus 25.7 g/kg).
As a result of differences in FA proﬁle of the diets, intake of some individual FA differed among diets (Table 1). Intake of
C16:0 was higher for cows fed FLA compared to those fed the other diets and it was lower for cows fed CON than for those
fed MIX. Cows fed SAL had intermediate values of C16:0 intakes. Intake of C18:0 was  similar for cows fed FLA, SAL, and MIX
and it was higher than that of cows fed CON. Cows fed FLA had the highest intake of cis9-18:1, cis11-18:1, and cis9,12-18:2
compared to those fed the other diets (Table 1). Cows fed CON had the lowest intakes of cis9-18:1 and cis11-18:1 and there
was no difference between cows fed SAL and those fed MIX  for intake of cis9-18:1, cis11-18:1, and cis9,12-18:2. Intake of
cis9,12,15-18:3 was similar for cows fed ﬂax products (FLA, SAL, and MIX) and lower for those fed CON.
The TTAD of 16:0, cis9-16:1, 17:0, 18:0, cis9-18:1, cis11-18:1, cis9,12-18:2, 20:0, 22:0, and 24:0 was  similar among diets
(Table 2). Cows fed FLA had higher TTAD of 14:0 and 15:0 than those fed CON and cows fed the other diets had intermediate
values. Apparent digestibility of C18:0 was negative for all treatments and negative values for FA indicated net synthesis in
the stomach. All four diets were high in concentrations of C18:2 (>360 g/kg total FA) and -linolenic acid (>210 g/kg total
FA) and it is known that the input to the intestinal pool of C18:0 is of dietary origin or results from the extensive ruminal
biohydrogenation of dietary PUFA (Kalscheur et al., 1997). Therefore, ruminal biohydrogenation of these FA would have
increased their concentrations in the faeces, thus leading to negative TTAD values for C18:0 as previously reported (Romo
et al., 2000). However, numerical value of TTAD of 18:0 were less negative (P=0.14) for cows fed FLA than for those fed the
other diets, which was likely due to a reduction in ruminal biohydrogenation of PUFA from whole ﬂaxseed Table 3.
Table 1
Concentration of ether extract in the diet and intake of fatty acids of Holstein cows fed total mixed diets containing no ﬂaxseed products (CON), 42 g/kg
DM  whole ﬂaxseed (FLA), 19 g/kg DM calcium salts of ﬂaxseed oil (SAL), or a mixture of 23 g/kg DM whole ﬂaxseed and 8 g/kg DM calcium salts of ﬂaxseed
oil  (MIX).
Treatment SEM P-value
CON FLA SAL MIX
Ether extract (g/kg DM)  21.8c 36.2a 28.5b 31.8ab 1.40 <0.0001
Intake  (g/d)
4:0 1.55 2.26 1.65 1.97 0.195 0.22
6:0  2.07 2.73 2.24 2.57 0.196 0.26
12:0  4.26 5.95 4.15 4.88 0.494 0.21
cis11-12:1  2.70 3.85 3.00 3.24 0.300 0.22
cis1-13:1  0.85 0.13 0.20 0.97 0.288 0.26
14:0  3.95 5.34 3.72 4.45 0.355 0.14
15:0  1.38 1.99 1.42 1.62 0.123 0.11
16:0  82.1c 113a 88.0bc 95.6b 1.988 0.01
cis9-16:1  2.78 4.08 3.05 3.27 0.331 0.21
17:0  1.95 2.48 1.73 2.11 0.215 0.28
18:0  10.2b 20.0a 16.6a 16.9a 0.547 0.004
cis9-18:1  88.4c 145a 110b 122b 2.684 0.002
cis11-18:1  5.45c 8.98a 6.92b 7.51b 0.187 0.004
cis9,12-18:2 225b 301a 228b 253b 5.497 0.01
cis9,12,15-18:3 38.4b 176a 145a 154a 7.407 0.003
20:0 2.76 1.78 1.83 2.38 0.534 0.58
22:0 2.13 1.73 1.79 2.58 0.315 0.37
24:0  1.69 2.19 1.83 2.09 0.107 0.12
Means within a row (a,b, and c) with no common superscript differ (P<0.05).
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Table  2
Total faecal output and total tract apparent digestibility (TTAD) of fatty acids of Holstein cows fed total mixed diets containing no ﬂaxseed products (CON),
42  g/kg DM whole ﬂaxseed (FLA), 19 g/kg DM calcium salts of ﬂaxseed oil (SAL), or a mixture of 23 g/kg DM whole ﬂaxseed and 8 g/kg DM calcium salts of
ﬂaxseed oil (MIX).
Treatment SEM P-value
CON FLA SAL MIX
Faecal output of DM (g/d) 7.72 8.11 7.49 7.49 0.178 0.10
TTAD
14:0 0.493b 0.768a 0.690ab 0.707ab 0.0335 0.03
15:0 0.107b 0.526a 0.197ab 0.208ab 0.0544 0.04
16:0  0.828 0.864 0.859 0.834 0.0118 0.26
cis9-16:1 0.972 0.993 0.997 0.993 0.0076 0.27
17:0  0.664 0.772 0.531 0.588 0.0509 0.14
18:0  −2.50 −1.01 −1.99 −2.12 0.0315 0.14
cis9-18:1  0.929 0.880 0.949 0.895 0.0134 0.10
cis11-18:1  0.763 0.796 0.770 0.751 0.0161 0.40
cis9,  12-18:2 0.954 0.933 0.971 0.940 0.0078 0.12
cis9,  12,15-18:3 0.985a 0.805c 1.00a 0.876b 0.0093 0.002
20:0  0.846 0.725 0.945 0.799 0.1240 0.69
22:0  0.796 0.788 0.778 0.786 0.0300 098
24:0  0.794 0.834 0.803 0.807 0.0128 0.33
MUFAa 0.897 0.866 0.915 0.868 0.0138 0.20
PUFAa 0.957ab 0.884b 0.982a 0.915ab 0.0091 0.01
SFAa 0.358 0.546 0.369 0.368 0.0447 0.14
Total  fatty acids 0.803 0.813 0.844 0.796 0.0169 0.35
Means within a row (a, b, and c) with no common superscript differ (P<0.05).
a MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids.
According to Doreau and Ferlay (1994),  TTAD of 18 carbon FA is greater for acids with one or two double bounds than
for those with three double bounds although this was  observed only for the FLA and MIX  diets. This may  suggest that the
-linolenic acid portion present in Ca-salts of ﬂax oil is highly available for either ruminal biohydrogenation or digestion in
the gastro-intestinal tract of cows fed SAL as shown by value reaching 1.00. Similar high apparent intestinal digestibility of
long-chain FA has been reported for cows fed a commercial Ca-soap of long-chain FA (Tice et al., 1994).
Cows fed CON had higher TTAD of -linolenic acid than those fed FLA and MIX. This may  result of the high ruminal
biohydrogenation of -linolenic acid from the dietary portion of forages (Lee et al., 2003) that was  higher than for the other
diets (Côrtes et al., 2010). Lower TTAD of -linolenic acid for cows fed FLA and MIX  may  result of lower TTAD of 18 carbon
FA with three double bounds (Doreau and Ferlay, 1994). Moreover, higher output of -linolenic acid in faeces of cows fed
whole ﬂaxseed (FLA and MIX) compared to those fed CON and SAL was  probably a result of partial resistance to digestion of
the ﬂaxseed coat, which may  then increase the amount of intact whole ﬂaxseed in faeces. As cows fed FLA and MIX  received
42 and 23 g/kg DM of whole ﬂaxseed, respectively, faecal output of -linolenic acid of cows fed the former diet was around
twice higher that of cows fed MIX.
As change in BW was similar for all treatments (Côrtes et al., 2010), it may  be assumed that the milk supply of -linolenic
acid from adipose tissue was independent of diet, and that most of -linolenic acid in milk came from the diet. Cows fed
ﬂaxseed products (FLA, SAL and MIX) tended to have higher output of -linolenic acid in milk. However, the output in milk
may  be limited due to a high proportion of -linolenic acid being biohydrogenated in the rumen even with calcium salts of
ﬂaxseed oil (Côrtes et al., 2010) or to poor digestion of the whole seeds. That the transfer efﬁciency of -linolenic acid in
milk was higher for cows fed the CON diet agrees with the higher apparent transfer with lower concentration of -linolenic
acid in the diet (Dewhurst et al., 2003).
Table 3
Intake, output in faeces and milk and apparent transfer of -linolenic acid of Holstein cows fed total mixed diets containing no ﬂaxseed products (CON),
42  g/kg DM whole ﬂaxseed (FLA), 19 g/kg DM calcium salts of ﬂaxseed oil (SAL), or a mixture of 23 g/kg DM whole ﬂaxseed and 8 g/kg DM calcium salts of
ﬂaxseed oil (MIX).
Treatment SEM P-value
CON FLA SAL MIX
-Linolenic acid intake (g/d) 38.4b 176a 145a 154a 7.41 0.003
Output  in faeces (g/d) 0.81c 33.7a −0.26c 18.6b 1.191 0.001
Output  in milk (g/d) 4.69 6.77 6.14 7.04 0.390 0.07
Transfer in milk (g/100 g consumed) 13.1a 4.09b 4.23b 4.56b 0.617 0.005
Means within a row (a,b, and c) with no common superscript differ (P<0.05).
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4. Conclusions
Although TTAD of -linolenic acid was enhanced by feeding Ca-salts of ﬂaxseed oil compared to feeding either whole
ﬂaxseed or a mixture of whole ﬂaxseed and Ca-salts of ﬂaxseed oil, there was no beneﬁt of ﬂaxseed supplementation on
apparent transfer of -linolenic acid from diet to milk as there was no difference among ﬂaxseed treatments. As the use of
calcium salts of Ca-salts of ﬂaxseed oil did not allow a large modiﬁcation in milk fat composition (Côrtes et al., 2010), the
cheapest ﬂaxseed product will be recommended to incorporate in the dairy cow diet.
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